Silicon clathrates are unusual open-framework solids formed by tetrahedrally-bonded silicon that show remarkable electronic and thermal properties. The type I structure has a primitive cubic unit cell containing cages occupied by metal atoms to give compositions such as Na 8 Si 46 or Na 2 Ba 6 Si 46 . Although their structure and properties are well described there is little understanding of the formation mechanism. Na 8 Si 46 is typically produced by metastable thermal decomposition under vacuum conditions from NaSi, itself an unusual structure containing Si 4 4-poly-anions. In this study we used in situ synchrotron X-ray diffraction combined with rapid X-ray detection on samples taken through a controlled temperature ramp 
Introduction
Semiconductor clathrates, based on tetrahedrally-bonded networks of elements in groups 13-15 of the periodic table, form a large family of unusual open-framework structures that exhibit remarkable and potentially useful electronic and thermal properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The framework composed from sp 3 bonded atoms is intrinsically semiconducting. However the structures usually contain electropositive metal atoms located within the clathrate cages that inject electrons into the conduction band to produce metallic or narrow-gap semiconducting phases. The result is a wide range of materials with electronic properties ranging from metallic to wide-gap-semiconducting, depending on the cage and framework site occupancy.
In addition to the electronic behavior, "rattling" vibrations of metal guest atoms affect the phonon propagation properties resulting in lowered thermal conductivity and potentially useful thermoelectric properties. Sharp peaks near the Fermi level in the electronic density of states result in large Seebeck coefficients and also superconductivity for Ba-containing members. 3, 4, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Two main structural types were described during the initial studies of Si and Ge clathrate materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] The type I clathrate has a primitive cubic structure (Pm3n: a o ~ 10.2 Å) based on dodecahedral [5 12 ] and tetrakaidecahedral [5 12 6 2 ] cages that are occupied by metal guest atoms to produce metallic Na 8 Si 46 whose formation is studied here. Studies on Ge and Sn clathrates gave rise to narrow gap semiconducting materials with compositions like K 8 Ge 44 or Rb 8 Sn 44 , where the metal oxidation is compensated by formation of vacancies in the clathrate framework. Compound clathrates such as Sr 8 Ga 16 Ge 30 have fully occupied frameworks and achieve charge balance by introduction of group 13 elements. Metal-deficient clathrates such as K 7 Si 46 are also known. It was recently shown that molecular H 2 can be incorporated in the clathrate cage sites to form materials such as Na 8−x (H 2 ) x Si 46 . 31 In addition to the type I structure, type II clathrates can also be formed. These have an fcc structure containing 136 framework (T) atoms within the cell (a o~1 4.6 Å), with 16 "small" ( [5 12 ]) and 8 "large"
([5 12 6 4 ] cages that are completely or partially filled to yield clathrates such as Na x Si 136 (x = 0-24) or Cs 8 Na 16 Si 136 . Examples of further clathrates with a hexagonal structure have now also been described. 10, 13, 14 The structure and chemistry of these materials is compatible with existing semiconductor technology and it is essential to understand and control their synthesis in bulk and thin film The reactant and product structures have very different architectures and it has therefore been generally assumed that nucleation and growth of the clathrate phase proceeds heterogeneously, perhaps via an amorphous Na x Si layer formed at the Zintl phase surface as Na atoms are removed into the vacuum. Here we have exploited recently-developed in situ synchrotron X-ray diffraction techniques to obtain time-resolved structural data during the course of clathrate synthesis reaction. In earlier work of this kind, where tailor-made environmental cells were necessary to deliver highly specialized conditions to the sample, in situ data collection was more conveniently carried out by exploiting the adaptability of either white beam energy-dispersive X-ray diffraction 34 or neutron diffraction 35 techniques.
However similar capabilities can now be achieved with angle-scanning X-ray diffractometers using specially designed capillary-based environmental cells and rapid detector systems that can deliver time-resolved X-ray diffraction data of sufficient time and angular resolution to permit meaningful dynamic structural refinement. The high-vacuum and controlled hightemperature in situ conditions required for following the clathrate formation from NaSi were achieved here by designed adaptation of a capillary-based in situ environmental reaction cell.
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The resulting combination offered a unique opportunity to study the clathrate formation mechanism directly.
The starting material, NaSi, was prepared from mixtures of the elements (Si, 99.999%; Na, 99.95%) in a dry box. 15 mol% excess Na was added to counter evaporation loss during synthesis. The mixture was placed in a Ta crucible and heated in a steel autoclave at 600 °C for 24 hours. In situ time-resolved X-ray diffraction experiments were carried out at station 6.2 37 of the synchrotron radiation source (SRS) at Daresbury, UK using an incident beam energy of 8.856 keV ( = 1.42λ Å). The RAPID2 38 position-sensitive detector enabled medium-high angular resolution data (Δ(2θ) ~ 0.06°) to be collected on a timescale of a few seconds at each temperature using the high-T (high temperature) in situ cell. For this study the environmental cell was configured to provide controlled entry of the air-/moisture-sensitive samples into the capillary which was also coupled to a vacuum (10 −4 mbar) system. During data collection the sample was heated at 8°C/min up to 500 o C after which the temperature was held constant.
The computational package FullProf/WinPLOTR program 39, 40 was used for Le Bail 41 and Rietveld 42 unit cell/structural refinements which were applied in interactive mode across the whole time/temperature-resolved diffraction data set using the multi-phase refinement option assigned to the NaSi and Na 8 Si 46 clathrate structures. The structures reported by Witte et al. 43 and Ramachandran et al. 9 were used as starting points for refinements of the two phases. The multi-phase analysis option permitted us to examine whether the synthesis proceeded via a continuous route or else involved sharp transitions between two or more structure types. The obtained R Bragg values were typically around 10-25% but increased to 40% or more for temperatures where one phase was much less-well defined. The X-ray diffraction patterns of both structures show unusual and remarkable convergence between several of the peak positions, as the temperature is increased. This result suggests some structural coherency exists between the two apparently unrelated phases. We have discussed possible models for this behavior below. However, the in situ nature of the experiment, with both NaSi and clathrate phases present together and evolving during the high-T synthesis study, precluded the detailed level of structural refinement that is achieved during normal crystallographic structure determination studies on pure phases under constant conditions. In this case the in situ data are complicated yet further by peaks shifting rapidly due to the very high thermal expansion of the NaSi phase. However, the results are within normal bounds for multiphase
in situ data refinement across a continuous reaction sequence and, provided fine structural details are not being sought, they are easily of sufficient quality to provide thermal expansion data or to identify major features such as a phase transformation occurring during synthesis.
For high-T NMR studies we developed a specialized probe 44, 45 based on an L-shaped SiO 2 glass sample holder that was loaded and sealed in the inert (Ar) atmosphere of the dry-box.
Static 23 Na NMR spectra were recorded at 7.05 T: the chemical shift reference was 1M
aqueous NaCl (79.386 MHz). Heating was achieved via a Ni/Cr coil wound with its axis parallel to the magnetic field. Temperature calibration to within ±5°C was achieved beforehand using a thermocouple embedded in MgO powder placed within the RF coil. After adjusting the power, one hour was allowed for the sample temperature to equilibrate. Single pulse excitation was used with a 3 s pulse width (approximately λ0° tip angle). A 1s recycle delay was used to achieve an acceptable signal to noise ratio in the experiment (~30 minutes).
Results and Discussion

Single Temperature Ramp Experiments
A typical in situ dataset, obtained during high-T treatment of NaSi and resulting in production of Na 8 Si 46 clathrate, is shown in Figure 1 . The data were recorded over 512 detector wires and interpolated to 4096 channels over a 2θ-range of 5-65° with absolute 2θ positions calibrated against the Si powder standard. The in situ conditions were set to generate a temperature ramp of 8°C.min -1 from room temperature to the target 500°C under a vacuum of 10 -4 bar.
Diffraction data were collected every 30 seconds for the first 3 hours, and then every minute thereafter. Figure 1a provides an overall view of the diffraction patterns showing that most changes occurred during the first 75 minutes, i.e., within the first 10 displayed patterns (corresponding to a full set of 150 collected patterns), during which time the temperature had reached the 500°C target plateau. During this period the NaSi pattern exhibited substantial shifts in peak positions and changes in relative intensities due to large thermal expansion and loss of the Na-component at higher T, followed by onset of peaks due to Na 8 Si 46 clathrate formation. Once the clathrate phase had formed and become established within the sample, little further change occurred until the sample capillary was destroyed, following attack by the evolved sodium vapor, and the diffraction pattern was then lost.
Figs. 1b and 1c present expanded views of important regions of the data that demonstrate the appearance of clathrate peaks after 59-60 minutes, just as the target 500°C is reached. The most striking aspect of the data during the initial heating phase is the remarkable shift with temperature of the NaSi peaks to lower 2θ, during the initial period before the onset of the reaction, indicating a very large thermal expansion coefficient (4.54x10 −5 °C −1 ) for the Nasilicide phase, which is comparable with those observed for ionic conductors. Another main feature is the lack of any reduction in crystalline peak intensities and the absence of amorphous scattering in the range over which clathrate formation takes place. This observation indicates that the clathrate synthesis proceeds smoothly from the Zintl phase. In fact the evidence is that the clathrate formation occurs continuously and with a structural relationship to the Zintl phase; that is, several reflections that are indexed as part of the NaSi pattern at room temperature appear to become attributable to the Si-clathrate phase; examples of such peaks with apparent "dual ownership" are listed in Table 1 .
The variations in unit cell parameters for the NaSi and Si-clathrate phases during the vacuum heating and synthesis process were studied using Le Bail and Rietveld approaches to refine the powder X-ray diffraction data. All diffraction patterns were first fitted to the NaSi and Na 8 Si 46 clathrate phases using le Bail refinement and, after inspection, the le Bail output was then used to provide initial starting cell parameters for multi-phase Rietveld refinement for the two structures. Figure 2 shows an example of this procedure carried out for the end point of the synthesis at 500°C when the composition is predominantly of a clathrate nature. The
Supplementary Information gives similar Rietveld plots, together with the associated structural/refinement data, for three representative stages of the overall synthesis process. Figure 3 charts the overall variations in unit cell volume over the synthesis; variations in other thermal/structural parameters are also illustrated in the Supplementary Information. As already noted, the NaSi phase exhibits unusually large thermal expansion, up to the point of onset of clathrate formation (~60 min., 500°C). After this there is an anomalous reduction in the unit cell volume; this point also coincides with a drop in vacuum observed in the system.
Although these observations do not provide absolute proof, together they do indicate that Na is lost in the form of vapor from the structure from around and after the point of clathrate formation, as expected from reaction (1), Sodium loss from the NaSi structure must be accompanied by reduction of Na + to Na o species and Si-Si bond formation. [46] [47] [48] It is likely that the cages in the clathrate structure are formed around the remaining Na atoms that then act as templates for the microporous crystalline solid.
Comparison of the evolution of selected features of the NaSi silicide and Na 8 Table 1 ). The -202 planes for NaSi pass through Na + sites that then become the centers of pentagonal dodecahedral and tetrakaidecahedral cage sites occupied by Na atoms in the clathrate structure. Figure 4c shows that this is both feasible and likely: the occupation of the NaSi (-202) planes by Na + cations is such that they effectively constitute "sodium sheets"
providing an easy transfer route to the new composition and cage environment, following Na loss to the vacuum from the initial Zintl phase structure. The results of Rietveld refinements of the X-ray data support this idea in that, as the temperature is raised, large excursions of the Na + cations around their starting positions occur, accompanied by flattening and elongation of the Si 4 4− tetrahedra. This trend can also be perceived from the change in behavior of Na thermal parameters after 80 min with the temperature at 500°C (see Supporting Information).
However, due to the highly correlated nature of thermal/occupancy parameters from X-ray refinement, we sought independent confirmation from high-T 23 Na NMR spectroscopy.
The in situ high-T NMR studies were therefore undertaken to further investigate the response of Na in the NaSi structure to increasing temperature. The spectra were obtained using a specially designed probe that permitted examination of NaSi samples in situ at high temperature, inside a pre-sealed vacuum tube; useful data could be obtained up to T = 400 o C.
At room temperature, the static 23 Na signal from NaSi occurs at ~0 ppm consistent with ionic Na + species. The broad asymmetric peak shape occurs due to quadrupolar effects associated with the asymmetry of the local electric field gradient surrounding the spin I=3/2 nucleus.
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The slight baseline distortion to the left of the main peak is due to the single pulse experiment that caused some signal loss at the start of the free induction decay; attempts were made to carry out spin echo experiments but there was too little signal to yield useful data. Above T ~ 250°C, a considerable reduction in peak width along with an increase in peak symmetry occurs ( Figure 5 ). This observation is consistent with a time-averaged increase in local site symmetry around the Na + ions in the NaSi structure at high temperature, and perhaps even the onset of Na + mobility between sites indicating possible ionic conduction behavior. No further change in the peak shape or intensity was observed following heating at 400°C for up to 10 hours, until the NMR signal was finally lost due to degradation of the glass tube and the Cu coil, just as the NaSi sample began to undergo significant Na loss and form clathrate material.
The combined data from the in situ X-ray diffraction and 23 Na NMR studies indicate that clathrate formation is linked to thermally-induced Na + motions occurring within the expanded NaSi lattice, leading to loss of Na + ions that undergo reduction to form Na o species in the vapor phase which is pumped away during the vacuum experiment. The Na features between the NaSi and clathrate phases which indicates some type of growth process in which there is structural continuity between elements of both phases at the NaSi/Na 8 Si 46 interface. This view is supported by the cell expansion data (Figure 3 ) which show that in the early stages of clathrate formation (e.g. after 10 minutes heating at 500°C) the unit cell volume of the clathrate is anomalously low (by ~0.14 %) compared with even the room temperature value, but it then rises to the constant value expected for bulk clathrate material as the formation reaction progresses. This behavior is consistent with the quasi-epitaxial growth scenario suggested above. As new clathrate material forms at the Zintl phase surface it becomes structurally coherent with it and is constrained by the unit cell parameters of the substrate, whereas material produced later in the reaction grows out and away from the NaSi surface and therefore adopts the normal bulk clathrate unit cell value. This effect could also be associated with a slight compositional change in the type I clathrate as it forms. Böhme et al. 52 have recently reported formation of a Na-deficient variety of Na 
Thermal cycling experiments
In this case temperature ramp-cycling experiments were carried out to further investigate the high temperature behavior of NaSi and the clathrate formation process. In these experiments repeated heating and cooling cycles were introduced into the synthesis time-temperature profile such that the end-temperature of each successive cycle progressively approached a final target temperature which was set at the same 500°C; the resultant temperature profile resembles a "sawtooth" shape ( Figure 6 ). These experiments were carried out in a closed tube environment placed under vacuum before the cycling stage rather than under dynamic pumping conditions, so that Na vapor exsolved from the NaSi remained inside the sample chamber and could re-react with the solid phase during the cooling part of the cycle.
However, after several cycles to progressively higher T values, some Na reacted with the glass walls of the container and was removed from the system. The X-ray patterns remain dominated by NaSi throughout, even to the highest temperatures examined (500 weakening, first reversibly during the earlier cycles then permanently after further cycles, which could correspond to the timing of the perceived Na loss from the Zintl phase. We do not yet have a structural interpretation for this new diffraction feature but suggest that, apart from the probability of having clathrate origins, it could correspond to a Na-deficient NaSi
Zintl phase or to a new type of ordered Na x Si (x < 1) structure formed at the surface; many examples of crystalline Zintl compounds with partly polymerized sheet or network polyanions are known, 50, 51 although none have yet been described in the Na-Si system.
Regardless of the complete explanation, the unusual appearance of these cyclic ramps serves to highlight the thermal complexity of these systems, the important role played by Na loss and possible templating actions from the NaSi precursor phase during the earlier stages of the clathrate-forming reaction.
Conclusions
The results reveal a remarkable formation scenario for Na 8 (the 400 cannot be accurately assigned so all three potential candidates are given) In situ diffraction patterns stacked upwards, covering ca 9 cycles of heating/cooling ramps, applied to the NaSi pre-curser phase as would be used in a Si-clathrate synthesis. The temperature "sawtooth" profile is indicated on the left sideμ each "tooth"
represents a separate ramp from ambient to a target temperature, which is initially 300ºC but then increases each cycle by 25ºC until the full synthesis 500ºC maximum is reached, i.e. the sawteeth size progressively increases (20→300→20→325→20→350→20→375→….500ºC).
Each pattern represents 59 seconds and every 4 th pattern is shown; the diffraction intensity scale is arbitrary. The large arcs described by each diffraction peak reflect the large thermal expansions/contractions of NaSi during the thermal cycling. The new diffraction peaks (e.g. between 28º-29º and 32º-33.5º) begin to be observed above ~300 
